ABSTRACT The persistence of Escherichia coli in artiÞcially fed larvae was examined for up to 48 h after ingestion by house ßies, Musca domestica L., and stable ßies, Stomoxys calcitrans (L.). The rate of change in the E. coli load was similar for both species for up to 5 h after ingestion. Up to 48 h after ingestion, abundance of E. coli declined in immature house ßies but remained constant in immature stable ßies. When different E. coli concentrations were fed to larvae, the abundance of E. coli increased in stable ßy larvae regardless of the initial concentration. The E. coli load in house ßy larvae increased when larvae were fed a low concentration of bacteria, but it declined when larvae were fed a high concentration of bacteria. Survival of house ßy and stable ßy larvae averaged 62 and 25%, respectively, when reared on pure E. coli cultures. These observations suggest that house ßy larvae digest E. coli and use it as a food source but stable ßy larvae do not.
BEEF AND DAIRY CATTLE ARE asymptomatic carriers of Escherichia coli O157:H7 (Zhao et al. 1995) , and are the primary reservoirs of the bacterium. Cattle are infected mainly during the summer and shed bacteria in their feces sporadically (Bach et al. 2002) . E. coli populations can reach 10 5 colony-forming units (CFU)/g of feces and survive for weeks under natural conditions (Wang et al. 1996) . The bacterium also can replicate in poorly ensiled forage (Bach et al. 2002) .
House ßies, Musca domestica L., and stable ßies, Stomoxys calcitrans (L.) , are also present in cattle conÞnement systems in Alberta during the summer (Lysyk 1993a) . House ßy and stable ßy larvae develop in a variety of habitats in feedlots, including silage mounds, manure mounds, residual manure indoors, and throughout the lot (Lysyk 1993b) . The immature stages of these species require bacteria during development, most likely as a food source (Lysyk et al. 1999) . Larval survival and development can vary depending on the species of bacteria the larvae feed on (Lysyk et al. 1999) . The bacterial community within the larval gut varies considerably from the bacterial community in the manure the larvae feed on (Zurek et al. 2000 , Perotti et al. 2001 . Survival of larval horn ßy, Hematobia irritans (L.), was positively associated with bacterial abundance in the manure environment and tended to be lower on isolates more abundant in the gut (Perotti et al. 2001) , suggesting that some bacteria in the larval gut are not digested and used for growth and development. Because E. coli is relatively common in cattle manure during periods when house and stable ßy larvae are actively developing, larvae may ingest and sequester E. coli providing it is not destroyed during growth and metamorphosis.
The purpose of this study was to examine the persistence of a nonpathogenic E. coli strain after ingestion by larval house ßies and stable ßies. E. coli populations in larvae were monitored for 48 h after a single feeding event. High and low concentrations of bacteria were used to determine possible differences in the pattern of persistence with the lower experimental concentration being more representative of what the larvae would likely contact in the environment (Wang et al. 1996) . The effect of E. coli in larval diet on survival and growth was examined to provide a possible explanation for the observed persistence patterns.
Materials and Methods
Insect Rearing. House and stable ßies were obtained from stock colonies maintained using procedures outlined in Lysyk (1998 Lysyk ( , 2001 . Adults were held in cages at 25ЊC and a photoperiod of 16:8 (L:D) h. House ßies were fed a diet of granulated sucrose and dilute evaporated milk (1:1) in plastic dishes Þlled with tissue paper to serve as an ovipositional substrate. Stable ßies were fed deÞbrinated bovine blood and 10% sucrose in water in small dishes with a gauze pad that also served as ovipositional substrate. Larvae were reared in a mixture of wheat bran, dried brewerÕs grain, alfalfa meal, water, and brewerÕs yeast; stable ßy larval rearing medium also included sawdust. House ßy pupae were removed from the rearing medium by forced air circulation, and stable ßy pupae were scooped from the rearing medium. Pupae were placed in small salad dishes and held in clean cages for eclosion.
Preparation of Bacteria. Bacterial strains used in the experiments were reconstituted from glycerol stock cultures of the bacteria. Empedobacter brevis (Holmes & Owen) and Flavobacterium odoratum Stutzer were previously isolated from stable ßy eggs obtained from a laboratory colony (Lysyk et al. 1999) , and the E. coli strain used was previously isolated from horn ßy larval gut (Perotti et al. 2001 ). E. brevis and F. odoratum were grown overnight at room temperature on nutrient agar (Difco, BD Biosciences, Sparks, MD), and E. coli was grown overnight at 37ЊC on Luria-Bertani (LB) plates and broth. Bacteria were collected from the plates and resuspended in sterile distilled water to an optical density of 0.8 at 600 nm for the persistence studies and 0.25 for the survival studies. E. coli populations from larvae, pupae, and adults were enumerated by spreading serial dilutions onto MacConkey agar and counting red colonies (Clark 1971) .
Gnotobiotic Larval Rearing Procedure. Larvae used in all experiments were reared on agar medium. House ßy and stable ßy eggs were rinsed in distilled water, washed in three changes of 0.26% sodium hypochlorite solution for a total of 15 min (Perotti et al. 2001) , and rinsed in three changes of sterile distilled water. Plates containing egg yolk medium 4 (Watson et al. 1993) were inoculated with 100 l of a mixed bacterial suspension of E. brevis and F. odoratum because these were found to be most favorable for the development of stable ßies (Lysyk et al. 1999) . Two pieces of 2 by 4 cm sterile #1 Whatman Þlter paper (Whatman Ltd., Maidstone, United Kingdom) were placed on the plates, and surface-sterilized eggs were aseptically transferred onto the Þlter paper at a density of Ϸ40 eggs per plate. Plates were incubated at 25ЊC throughout the life cycle.
Persistence of E. coli in Larvae: 0 -5 h. An experiment was conducted to evaluate the persistence of E. coli in the larvae of house ßies and stable ßies over a period of 5 h. The general procedure was to feed larvae of both species an E. coli suspension, rear larvae on water agar (20 g agar in 1 liter of distilled water), and sample larvae hourly to determine temporal changes in E. coli load.
E. coli cultures were transferred to cuvettes and diluted to an optical density of 0.800 Ϯ 0.005 with sterile LB broth. The concentration of bacteria fed to the larvae was determined by viable plate counts. Third instars reared using the gnotobiotic procedure were aseptically removed from rearing plates, starved on water agar for 24 h before each trial, and then larvae were assigned to one of three treatment groups: 1) E. coli-fed, 2) broth-fed, or 3) unfed. The E. coli-fed larvae were used to determine E. coli persistence in the larvae. Six larvae were placed in each of two sterile 1.5-ml microfuge tubes (12 larvae total) with 35 l of colored E. coli suspension and allowed to feed for 20 min. One drop of green food coloring (Club House, McCormick Canada Inc., London, Ontario) was added to the solutions to allow visual detection of the ingested solution. Broth-fed larvae were used as controls to ensure that contamination did not result from rearing. Six larvae were placed in a sterile 1.5-ml microfuge tube with 35 l of colored sterile LB broth and allowed to feed for 20 min. After feeding, E. coli-fed and brothfed larvae were removed from the tubes, surfacesterilized in three changes of 0.26% sodium hypochlorite for a total of 15 min, and rinsed in three changes of sterile distilled water. Unfed larvae were used to determine the efÞciency of surface sterilization. Six larvae were dipped in a colored E. coli solution for less than 2 s each and surface sterilized using the same method. After treatment, larvae from each treatment group were placed on separate sterile water agar plates (six larvae per plate) and incubated at 25ЊC for 0, 1, 2, 3, 4, and 5 h after surface sterilization. Water agar was used to reduce contamination from excreted bacteria. Each hour, two E. coli-fed, one broth-fed, and one unfed larva were collected from the plates, individually homogenized in 1 ml of phosphate-buffered saline (PBS) (0.2 M NaH 2 PO 4 , 14.0 ml/liter; 0.2 M Na 2 HPO 4 , 36.0 ml/liter; 8.0 g/liter NaCl; pH 7.2) with a sterile plastic pestle and centrifuged at 800 ϫ g for 2 min to produce a clear supernatant. Serial dilutions of the supernatant were plated in duplicate. The entire experiment was replicated seven times so that a total of 14 E. coli-fed larvae, seven broth-fed larvae, and seven unfed larvae were examined for each time point and species. For each larva, the amount of E. coli was recorded as the average count from the two plates. Forward selection stepwise logistic regression was used to determine whether the proportion of infected larvae varied due to time (h), species (S, 1 for house ßy; S 0 for stable ßy) and time*species interaction (SPSS Inc. 1999) . The number of bacteria per infected E. coli-fed larva was transformed to log(y ϩ 1) and a two-way analysis of variance (ANOVA) was used to determine whether the numbers of E. coli in the infected larvae varied over time and between species. A linear regression model was used to estimate temporal changes in the E. coli load in infected larvae for each species.
Persistence of E. coli in Larvae: 0 -48 h. A similar procedure to that described above was used to examine the persistence of E. coli in the larvae of house ßies and stable ßies over a period of 48 h after ingestion. Larvae of both species were fed, reared on water agar, and sampled daily to determine temporal changes in E. coli populations. Suspensions of E. coli and larvae of both species were prepared as described previously. Third instars reared using the gnotobiotic procedure were assigned to the same three groups (E. coli-fed, broth-fed, and unfed). The E. coli-fed larvae were produced by placing 40 larvae in four sterile 1.5-ml microfuge tubes (10 per tube), each with 35 l of colored E. coli suspension. Broth-fed larvae were placed in two sterile 1.5-ml microfuge tubes (10 larvae per tube) with 35 l of colored sterile LB broth. Larvae were allowed to feed for 20 min, and then they were removed from the tubes with sterile insect handling forceps and surface sterilized as described previously. Unfed larvae were produced by placing 20 larvae in a colored E. coli suspension for Ͻ2 s each and surface sterilized to serve as controls for sterilization. After treatment, larvae from each treatment group (10 E. coli-fed larvae, Þve broth-fed larvae, and Þve unfed larvae) were placed on separate sterile water agar plates at 25ЊC. Larvae were initially sampled within 5 min of surface sterilization (0 h) and again at 24 and 48 h. At each time point, the 10 E. coli-fed larvae, Þve broth-fed larvae, and Þve unfed larvae on a plate were collected and individually homogenized as described previously. Larvae sacriÞced at 24 and 48 h postfeeding were surface sterilized before homogenization. Enumeration of E. coli populations was done as described previously, and the experiment was replicated Þve times. A total of 50 E. coli-fed larvae, 25 broth-fed larvae, and 25 unfed larvae were examined for each time interval and insect species. Forward selection stepwise logistic regression was used to determine whether the proportion of infected larvae varied due to time, species, and time*species. The number of bacteria per infected E. coli-fed larva was transformed to log(yϩ 1), and two-way ANOVA and linear regression were used to estimate temporal changes in E. coli load in larvae for each species.
Concentration-Dependent Persistence of E. coli in Larvae. The effect of bacterial concentration on the E. coli population of house ßy and stable ßy larvae was examined. Larvae of both species were fed on either a high or low (1:10,000 dilution) concentration of E. coli in suspension and sampled immediately after ingestion and again after 48 h to determine the temporal changes in E. coli population in the larvae.
E. coli cultures were grown overnight in LB broth, transferred to cuvettes and adjusted to an optical density of 0.800 Ϯ 0.005 with sterile LB broth. This high concentration E. coli suspension was serially diluted to 1:10,000 to produce the low concentration E. coli suspension. Concentration of bacteria fed to the larvae was determined by viable counts of the high concentration bacterial suspension. Gnotobiotically reared third instars were starved on water agar for 24 h before the experiment. Larvae were assigned to one of four groups: 1) E. coli-fed with a high concentration suspension, 2) E. coli-fed with a low concentration suspension, 3) broth-fed, or 4) unfed. The E. coli-fed larvae were produced by placing 40 larvae in four sterile 1.5-ml microfuge tubes (10 per tube) with 35 l of either a colored high concentration or low concentration E. coli suspension and allowed to feed for 20 min. Broth-fed larvae were produced by placing 40 larvae in four sterile 1.5-ml microfuge tube (10 per tube) with 35 l of colored sterile LB broth for 20 min, followed by surface sterilization. Unfed larvae were dipped in a colored E. coli solution for Ͻ2 s and then surface sterilized. After treatment, larvae from each treatment group (10 E. coli-fed larvae fed a high concentration, 10 E. coli-fed larvae fed a low concentration, Þve broth-fed larvae, and Þve unfed larvae) were placed on separate sterile water agar plates at 25ЊC. Larvae were sampled within 5 min of surface sterilization (0 h) and again at 48 h after surface sterilization. At each time point, 10 E. coli-fed larvae fed a high concentration, 10 E. coli-fed larvae fed a low concentration, Þve broth-fed larvae, and Þve unfed larvae were individually homogenized in 1 ml of PBS with a sterile pestle. Homogenates were centrifuged at 800 ϫ g for 2 min, and dilutions of the supernatant were plated in duplicate. Because of low bacterial density, larvae fed the low concentration E. coli suspension and sacriÞced immediately after ingestion were homogenized in 100 l of PBS, and the whole volume was plated on a single MacConkey plate because it represented the total E. coli in the larvae. The experiment was replicated Þve times, and a total of 50 E. coli-fed larvae, 25 broth-fed, and 25 unfed larvae were treated for each time, concentration, and species. The number of E. coli in each infected E. coli-fed larva was transformed to log(y ϩ 1), and data were analyzed using a three-way ANOVA (SPSS Inc. 1999) with species, concentration, and time as main effects. All two-way interactions were examined.
Survival and Development of Larvae on Bacterial Cultures. This experiment was conducted to evaluate the survival of house ßy and stable ßy larvae reared on E. coli and other bacterial cultures. Rearing plates were inoculated with bacterial mixtures and surface sterilized ßy eggs, and survival to pupation and to adult emergence were assessed.
Bacterial cells of all species were suspended in sterile distilled water and diluted to an optical density of 0.25 Ϯ 0.02 at 600 nm (Lysyk et al. 1999) . For each ßy species, three egg yolk medium plates were inoculated with one of the following treatments: 1) 50 l of E. brevis and 50 l of F. odoratum; 2) 100 l of E. coli; or 3) 33 l of E. brevis, 33 l of F. odoratum, and 33 l of E. coli; and 20 surface sterilized ßy eggs were placed aseptically on each plate. Initial cell densities were determined by viable counts of the bacterial suspensions. Egg hatch was determined using 100 surface sterilized eggs placed on water agar for 72 h. All plates were incubated at 25ЊC and a photoperiod of 16:8 (L:D) h. Plates were examined daily, and pupae were removed with sterile forceps, rinsed, weighed, and held on water agar until adult emergence. The entire experiment was replicated four times. Larval and pupal survival was calculated for each plate, and ANOVA was used to determine whether survival varied among treatments. Larval developmental time, pupal developmental time, and pupal weight were determined for each individual, and ANOVA was used to determine whether these varied among treatments. Means were separated using least signiÞcant difference (LSD) (SPSS Inc. 1999) .
Results
Persistence of E. coli in Larvae: 0 -5 h. House ßy and stable ßy larvae were fed bacterial suspensions containing an average of 3.2 Ϯ 2.7 ϫ 10 10 (n ϭ 5) and 2.6 Ϯ 1.8 ϫ 10 10 (n ϭ 5) E. coli CFU/ml, respectively. The amount of bacteria fed to the larvae did not vary signiÞcantly between species (t ϭ 0.18, df ϭ 8, P ϭ 0.863). E. coli was detected in 42% of house ßy (n ϭ 65) larvae and 95% of stable ßy (n ϭ 62) larvae fed bacteria ( Table 1 ). The proportion of infected larvae varied signiÞcantly between species ( 2 ϭ 47.5, df ϭ 1, P Ͻ 0.0001), but it did not vary over time ( 2 ϭ 2.7, df ϭ 1, P ϭ 0.10) with no signiÞcant time*species interaction ( 2 ϭ 1.4, df ϭ 1, P ϭ 0.24). The Þnal model was as follows:
where P(Y ϭ 1) is the proportion of infected larvae, S is 1 for house ßy and S is 0 for stable ßy, and SE(b 0 ) ϭ 0.59 and SE(b 1 ) ϭ 0.64. The odds of house ßy larvae being infected was 27:38 or 0.71, and the odds of stable ßies being infected was 59:3 or 19.7. The odds of stable ßy larvae being infected were 27.67 (95% CI ϭ 78, 97.6) times greater than house ßy larvae.
The E. coli load of infected house ßy (n ϭ 27) larvae was 6.3 Ϯ 1.3 ϫ 10 4 CFU per larva lower than infected stable ßy (n ϭ 59) larvae. Broth fed larvae used as negative controls never tested positive for E. coli (Table 1 ). The surface sterilization of house ßy larvae was efÞcient, as indicated by the absence of E. coli CFU in unfed larvae (Table 1) . However, a small number of E. coli CFU were detected on unfed stable ßy larvae (Table 1 ). This surface contamination of the larvae was negligible, representing Յ0.3% of the E. coli populations of tested larvae.
ANOVA indicated that E. coli load varied between species (F ϭ 22.5; df ϭ 1, 74; P Ͻ 0.0001) and time (F ϭ 2.4; df ϭ 5, 74; P ϭ 0.04). The rate of change in bacterial load over time was similar between species as evidenced by the nonsigniÞcant species*time effect (F ϭ 1.0; df ϭ 5, 74; P ϭ 0.41). The regression model was therefore established as log(CFU/larva ϩ 1) ϭ 4.852 Ϫ 0.097*T Ϫ 1.260*S, where T is hours postinfection and S is 1 for house ßy and S is 0 for stable ßy (F ϭ 51.63; df ϭ 2, 83; P Ͻ 0.0001). The Þnal model indicated that E. coli load was 1.260 Ϯ 0.128 log(CFU/ larva ϩ 1) lower in house ßy larvae but that it declined by 0.097 Ϯ 0.035 log(CFU/larva ϩ 1) per hour for both species. The model accounted for 55.4% of the variation in bacterial load.
Persistence of E. coli in Larvae: 0 -48 h. The concentration of E. coli fed to larvae averaged 5.8 Ϯ 0.7 ϫ 10 8 (n ϭ 4) CFU/ml for house ßy larvae and 5.5 Ϯ 5.4 ϫ 10 10 (n ϭ 5) CFU/ml for stable ßy larvae. On a log scale, the means were 8.757 Ϯ 0.050 and 9.413 Ϯ 0.543 CFU/ml for house ßy larvae and stable ßy larvae, respectively, and these were not signiÞcantly different (t ϭ Ϫ1.064, df ϭ 7, P ϭ 0.323).
On average, 90% of house ßy (n ϭ 92) larvae and 92% of stable ßy (n ϭ 125) larvae were positive for E. coli (Table 2) . Time was the only variable that inßuenced the proportion of infected larvae ( 2 ϭ 6.7, df ϭ 1, P Ͻ 0.01); there was no signiÞcant effect of species ( 2 ϭ 0.13, df ϭ 1, P ϭ 0.72) or species*time interaction ( 2 ϭ 1.0, df ϭ 1, P ϭ 0.31). The Þnal model was P(Y Ϫ 1) ϭ 1/1 ϩ exp(Ϫ(1.717 ϩ 0.034T)), where P(Y ϭ 1) is the proportion of infected larvae, T is hours postinfection, and SE(b 0 ) ϭ 0.31 and SE(b 1 ) ϭ 0.014. The proportion of infected larvae increased from 91 and 85% at 0 h to 100% by 48 h for house ßy and stable ßy, respectively (Table 2 ).
E. coli was not detected in broth-fed larvae (Table 2) ; however, it was found on the surface of the unfed larvae used to determine the efÞciency of surface sterilization. This amount was negligible for both species, representing on average Ͻ0.5% of the E. coli loads found in fed larvae of either species (Table 2) . E. coli-infected house ßy larvae (n ϭ 83) harbored an average of 4.8 Ϯ 0.8 ϫ 10 4 CFU per larva, ranging from 390 to 3.3 ϫ 10 5 CFU per larva. The E. coli loads of infected stable ßy larvae (n ϭ 115) averaged 7.8 Ϯ 0.8 ϫ 10 4 CFU per larva, ranging between 3.0 ϫ 10 3 and 3.0 ϫ 10 5 CFU per larva. E. coli cells were detected on the surface of the water agar where larvae were reared before sampling, but no quantiÞcation was performed.
ANOVA indicated the changes in E. coli over time were not consistent between species as indicated by the signiÞcant species*time interaction (F ϭ 21.99; df ϭ 2, 192; P Ͻ 0.0001). The regression model was n, no. larvae examined; x, no. infected larvae; and P, proportion infected. Nonzero means are based on infected larvae only. a n ϭ 7 larvae per time.
log(CFU/larva ϩ 1) ϭ 4.598 Ϫ 0.025*T*S, where T is hours postinfection and S is 1 for house ßy and S is 0 for stable ßy (F ϭ 99.73; df ϭ 1, 196; P Ͻ 0.0001). This indicates a reduction in E. coli population of 0.025 Ϯ 0.003 log(CFU/larva ϩ 1) per hour for house ßy larvae and no reduction in E. coli population for stable ßy larvae. The model accounted for 33.7% of the variation in bacterial load. Concentration-Dependent Persistence of E. coli in Larvae. The high concentration suspension fed to house ßy and stable ßy larvae averaged 5.4 Ϯ 0.8 ϫ 10 8 and 8.2 Ϯ 0.7 ϫ 10 8 E. coli CFU/ml, respectively. The low concentration suspension was a 1:10,000 dilution of the high concentration suspension. The amount of E. coli fed to house ßy larvae averaged 0.197 Ϯ 0.077 log(CFU/larva ϩ 1) lower than the amount fed to stable ßy larvae (t ϭ Ϫ2.56, df ϭ 8, P ϭ 0.034).
The proportion of house ßy larvae (n ϭ 89) fed a low concentration suspension that were infected with E. coli averaged 72% and increased from 57% (n ϭ 49) to 90% (n ϭ 40) after 48 h (Table 3 ). All house ßy (n ϭ 72) larvae fed a high concentration suspension were infected at 0 (n ϭ 32) and 48 (n ϭ 40) h. The proportion of infected stable ßy (n ϭ 79) larvae fed a low concentration suspension averaged 93.7 Ϯ 2.8%, ranging from 89.8 Ϯ 4.4% (n ϭ 49) after ingestion to 100% (n ϭ 30) after 48 h (Table 3 ). All stable ßy (n ϭ 67) larvae fed a high concentration were positive for E. coli at 0 (n ϭ 29) and 48 (n ϭ 38) h.
Broth-fed larvae were negative for E. coli throughout the experiment (Table 3 ). The amount of E. coli found on the surface of the unfed larvae was negligible, representing Ͻ0.05% of the amount found in the larvae fed E. coli (Table 3) . ANOVA indicated significant two-way interactions for species*time (F ϭ 48.1; df ϭ 1, 265; P Ͻ 0.0001) and concentration*time (F ϭ 316.3; df ϭ 1, 265; P Ͻ 0.0001), indicating that changes in E. coli population in larvae over time were not consistent between species or concentrations.
The E. coli population in house ßy larvae fed a low concentration increased 272-fold over 48 h, whereas the E. coli population in house ßy larvae fed a high concentration decreased over 48 h to 0.36 of the initial amount ingested. The E. coli load of stable ßy larvae fed a low concentration of E. coli increased 2,869-fold after 48 h, whereas the E. coli load of stable ßy larvae fed a high concentration of E. coli increased 4.6-fold.
Survival and Development of Larvae on Bacterial Cultures. Rearing plates were inoculated with an initial average concentration of 2.8 Ϯ 0.4 ϫ 10 8 , 8.0 Ϯ 2.2 ϫ 10 7 , and 1.6 Ϯ 1.2 ϫ 10 8 CFU/ml for E. coli, E. brevis, and F. odoratum, respectively. Egg hatch averaged 74.5 Ϯ 4.2% for house ßies and 62.8 Ϯ 7.2% for stable ßy eggs. 
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House ßy larval survival varied signiÞcantly among treatments (F ϭ 4.06; df ϭ 2, 30; P ϭ 0.027). Survival on E. coli plates averaged 62.3 Ϯ 7.1% and was lower than on the other treatments (Table 4) . House ßy larval survival was highest on the E. brevis ϩ F. odoratum combination with 87.8 Ϯ 6.8%, and this was similar to the 83.2 Ϯ 6.7% survival on the E. brevis ϩ F. odoratum ϩ E. coli plates.
The bacterial inocula also had a signiÞcant effect on stable ßy survival (F ϭ 20.81; df ϭ 2, 30; P Ͻ 0.0001). The survival of stable ßy larvae was highest on plates containing E. brevis ϩ F. odoratum ϩ E. coli, averaging 94.4 Ϯ 7.0%. This was not signiÞcantly different from survival on E. brevis ϩ F. odoratum combination. Survival of stable ßy larvae was lowest on E. coli plates, averaging 25.4 Ϯ 10.7% (Table 4) .
Developmental time of house ßy larvae varied among treatments (F ϭ 59.41; df ϭ 2, 407; P Ͻ 0.0001). House ßy larvae developed fastest on E. brevis ϩ F. odoratum ϩ E. coli plates, reaching pupation in 6.8 Ϯ 0.1 d. Larvae reared on the E. brevis ϩ F. odoratum bacterial mixture had an average larval developmental time of 7.0 Ϯ 0.1 d. Larval developmental time was signiÞcantly greater on E. coli plates, requiring 7.9 Ϯ 0.1 d to reach pupation (Table 4) . There was no effect of treatment on the developmental time of house ßy pupae (Table 4) .
The bacterial food source had an effect on the development time of stable ßy larvae, as indicated by the signiÞcant term for treatment (F ϭ 37.91; df ϭ 2, 286; P Ͻ 0.0001). On average, stable ßy larvae developed 1.8 Ϯ 0.2 d faster on E. brevis ϩ F. odoratum ϩ E. coli plates compared with the E. brevis ϩ F. odoratum plates. Developmental time was longer when larvae were reared on E. coli (11.9 Ϯ 0.2 d), but this time was similar to the 11.1 Ϯ 0.3 d required on E. brevis ϩ F. odoratum plates (Table 4) . Developmental time of stable ßy pupae did not vary between bacterial treatments (Table 4) .
House ßy pupal weight varied among treatments (F ϭ 14.17; df ϭ 2, 406; P Ͻ 0.0001). House ßy pupae reared on E. coli plates were smaller by an average of 1.4 Ϯ 0.4 and 2.1 Ϯ 0.4 mg compared with pupae reared on E. brevis ϩ F. odoratum and E. brevis ϩ F. odoratum ϩ E. coli plates, respectively. The largest house ßy pupae were reared on the E. brevis ϩ F. odoratum ϩ E. coli plates and weighed an average of 18.7 Ϯ 0.3 mg (Table 4) .
Stable ßy pupal weight varied signiÞcantly among treatments (F ϭ 15.03; df ϭ 2, 286; P Ͻ 0.0001). The smallest stable ßy pupae were reared on E. brevis ϩ F. odoratum, followed by those reared on E. coli plates and those reared on E. brevis ϩ F. odoratum ϩ E. coli plates. Overall, the average pupal weights varied by 0.8 Ð1.2 mg.
House ßy pupal survival was not consistent between treatments (F ϭ 8.52; df ϭ 2, 30; P ϭ 0.001). House ßy pupal survival was similar when reared on E. brevis ϩ F. odoratum plates and on E. brevis ϩ F. odoratum ϩ E. coli plates. Average survival of house ßy pupae was Ϸ30% lower when reared on E. coli plates, a signiÞcant difference compared with the other two treatments (Table 4) .
Survival of stable ßy pupae was different between bacterial treatments (F ϭ 17.05; df ϭ 2, 30; P Ͻ 0.0001). The survival rate of stable ßy pupae reared on E. brevis ϩ F. odoratum ϩ E. coli plates was highest with 95.0 Ϯ 2.5% and was not signiÞcantly different from the 82.4 Ϯ 8.3% survival of pupae reared on E. brevis ϩ F. odoratum plates. Pupae reared on E. coli plates had a signiÞcantly lower survival rate of 32.2 Ϯ 1.2% (Table 4) .
Discussion
A nonpathogenic strain of E. coli was used during experimentation for safety reasons, and it likely had little effect on experimental outcome. Survival of E. coli O157:H7 in the environment follows a similar pattern to that of nonpathogenic strains (Ogden et al. 2001) . Also, the suspected acid tolerance of E. coli O157:H7 varies from strain to strain (Arnold and Kaspar 1995) and is comparable with acid tolerance of some nonpathogenic strains (Duffy et al. 2000) . The E. coli strain in this study served as an indicator bacterium and was used as a model for the survival of possible pathogenic strains.
From 5 to 60% of the test larvae had no detectable E. coli. This was likely due to failure to ingest bacteria during the 20-min feeding period. It was unlikely to be due to rapid digestion because the food bolus of house ßy maggots has a passage time of Ͼ35 min in the midgut and Ͼ100 min in the entire gut (EspinozaFuentes and Terra 1987) . Larvae that ingested small concentrations of E. coli showed an increase in the bacterial population over time in both species, not a swift destruction through digestion. Uninfected larvae were not used in the analysis of persistence in the gut.
The proportion of infected larvae did not change during the Þrst 5 h after feeding, but it did over longer periods. The proportion of infected house ßy larvae decreased during the Þrst 24 h, probably from digestion and from excretion of live bacteria, and then increased to 100% after 48 h of incubation likely due to reinfection of the remaining larvae feeding on the excreted bacteria. Stable ßy larvae had a constant increase in the proportion of larvae infected over 48 h. Live E. coli also was excreted by immature stable ßies, and larvae likely contaminated themselves by feeding on the excreted cells.
The amount of E. coli detected in third instars in this study was lower than bacterial populations of larvae reported in other studies (Greenberg 1959a (Greenberg , 1962 Radvan 1960 ) because larvae were only in contact with E. coli for 20 min. Stable ßy larvae were able to acquire as much or more bacterial cells than house ßy larvae from cultures of similar bacterial densities in all studies. The reasons for this are unknown. E. coli populations were typically higher in stable ßy larvae and showed little change over time, whereas populations in house ßy larvae were lower and tended to decrease over time. This suggests that digestion in house ßy larvae exceeds the rate of bacterial reproduction, whereas digestion by stable ßy larvae is slower than the rate of bacterial reproduction. The exception was when house ßy larvae were fed an initial low concentration of E. coli and the E. coli population increased 272-fold over 48 h. This was probably due to lack of competition with other gut ßora because larvae had been starved for 24 h, which results in a loss of Ͼ90% of the gut bacteria (Greenberg 1959b) . Also, starved larvae may have slowed digestive processes such as secretion of peritrophic matrix (Jacobs-Lorena and Oo 1996). At high concentrations, populations of E. coli decreased in house ßy over 48 h, likely because the digestion rate was greater than the bacterial reproductive rate. In stable ßies, E. coli populations increased regardless of whether larvae were fed a high or low concentration, suggesting that the rate of digestion was less than bacterial reproduction.
The difference in digestive rate of E. coli by each species is reßected in their survival on E. coli. Both ßy species completed development on all treatments and had higher survival rates when reared on other treatments compared with when reared on E. coli alone. Stable ßy larvae and pupae had low survival when reared on E. coli alone. Reduced survival of stable ßy larvae on E. coli plates suggests E. coli may not be effectively digested by immature stable ßies, but it may produce some by-products that are favorable to the larvae, because the addition of E. coli to other bacteria had a noticeable positive effect on immature stable ßy growth and survival. For house ßy larvae, E. coli was an adequate food source, but not an optimal one.
Results of this study suggest that house ßy larvae will ingest E. coli and digest it to use as a food source for survival and development. However, stable ßy larvae also will ingest E. coli, but they do not use it as readily as a source of nutrition. As a result, stable ßy larvae in silage may be a possible source of infection to cattle that eat the silage, probably more so than house ßy larvae. Additionally, accumulation of E. coli in the larval stage may occur, and it remains to be determined whether E. coli persists throughout metamorphosis to the adult where it could more readily be disseminated throughout the environment.
